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Recently, the novel system of linear carbon chains inside of double-walled carbon nanotubes has extended
the length of sp1 hybridized carbon chains from 44 to thousands of atoms [L. Shi et al., Nat. Mater. 15, 634
(2016)]. The optoelectronic properties of these ultra-long chains are poorly described by current theoretical
models, which are based on short chain experimental data and assume a constant environment. As such, a phys-
ical understanding of the system in terms of charge transfer and van der Waals interactions is widely missing.
We provide a reference for the intrinsic Raman frequency of polyynes in vacuo and explicitly describe the in-
teractions between polyynes and carbon nanotubes. We find that van der Waals interactions strongly shift the
Raman frequency, which has been neither expected nor addressed before. As a consequence of charge transfer
from the tube to the chain, the Raman response of long chains is qualitatively different from the known phonon
dispersion of polymers close to the Γ-point. Based on these findings we show how to correctly interpret the
Raman data, considering the nanotube’s properties. This is essential for its use as an analytical tool to optimize
the growth process for future applications.
Carbyne, the infinite sp1 hybridized linear carbon chain, is
often characterized by an intense Raman band associated with
the eigenmode of the longitudinal-optical (LO) branch of the
conjugated polymer close to the Γ-point (called R-mode in
Zerbi’s effective conjugation coordinate theory [1, 2]). This
Γ-mode vibration is characterized by an in-phase stretching of
the chain’s triple bonds. The current theoretical understanding
of this material is founded on experimental data from colloidal
sp1-carbon oligomers that are sterically stabilized by bulky
end-groups. The longest chains of this type to date contain
only 22 triple bonds (N=44 carbon atoms) [3]. The develop-
ment of a novel system, long linear carbon chains stabilized
inside double-walled carbon nanotubes (LLCCs@DWCNTs),
has allowed for the synthesis of chains containing at least
8,000 carbon atoms [4]. These chains, which are long enough
for proposed applications in composite materials [5] and elec-
tronics [6], are poorly described by current theory.
The electronic and vibrational properties of carbyne are
greatly influenced by the local environment as has been
observed for short polyyne chains in solution [7–10], in
CNTs [11–13], and on Ag surfaces [8]. Theoretical models
for short colloidal chains show a softening of the Raman fre-
quency that saturates at around 1,900 cm−1 [14, 15]; how-
ever, Raman frequencies below 1,800 cm−1 have been ob-
served for chains in double- and multi-wall CNTs [16–18].
We have now used scanning near-field optical spectroscopy
to directly measure chain lengths and chain-band frequencies
around 1,800 cm−1 for individual polyyne molecules of more
than 1,000 atoms encapsulated in DWCNTs (inset in Fig. 1).
The measured distribution of data points illustrates two basic
limitations of scaling schemes and current empirical models.
First, the empirical parameters are supposed to correct the un-
known error of the DFT force field and account for unknown
FIG. 1: Raman response of polyynes as a function of inverse length,
given by the numberN of carbon atoms. The solid lines are linear fits
to the available data on chains with assigned lengths (upper solid line:
colloidal chains [7–10], lower solid line: chains inside CNTs [11–
13], dashed blue line: extrapolation to infinite chains). The black
dashed line shows theoretical SCS-MP2 results [4]. The inset shows
data derived from near-field Raman microscopy images [4].
environmental interactions that are not included in the phys-
ical model. Second, they assume a specific and constant en-
vironment that does not vary with chain length. This may be
valid in colloids but cannot represent a CNT environment with
a distribution of tube chiralities that interact differently with
the chain, depending on their physical diameter and electronic
properties.
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2Previous experiments on the interaction of CNTs with short
chains of assigned length (N=8–12) have attributed the rela-
tive Raman shift, compared to colloidal chains, to CT from the
tube to the chain [19]. However, this conclusion was based on
changes in the outer nanotube’s G-band red shift [13], which
can not be explained by a small CT alone, as the lifting of the
Kohn anomaly by CT always leads a blue shift. Hence, this
shift is most likely related to an internal strain inside the filled
DWCNTs and not to a CT to the outer tubes.
Before Raman spectra of LLCCs@DWCNTs can be inter-
preted correctly and used for structural characterization, the
following open questions must be answered: (1) To what ex-
tent are the LLCC@DWCNT spectra shifted by their local en-
vironment? (2) How does the variation in the measured fre-
quencies depend on the nanotube chirality? (3) How does a
specific medium affect the frequency softening for intermedi-
ate chain lengths (N=50-100 atoms), where ab initio calcula-
tions [4] show a saturation (black curve in Fig. 1).
This work has two primary goals: (1) To obtain a reliable
first-principles estimate of the Raman frequency of carbyne in
vacuo using highly accurate coupled-cluster CCSD(T) calcu-
lations, which will provide a reference point for any environ-
mental effects. (2) To illuminate the quantum nature of the
tube–chain interaction. This is done in two parts by evaluat-
ing the effect of the van der Waals (vdW) interaction on the
chain’s geometry and vibrational properties using an explicitly
correlated method and the effect of charge transfer (CT) be-
tween CNTs and carbon chains in the short- and infinite-chain
limit using hybrid density functional theory. Calculations
were performed with the turbomole [20], ORCA [21], and
VASP [22] software, all details are given in the Supplemen-
tal Material [23]. We find a surprisingly large and strongly
length-dependent shift of the allowed Raman frequency of up
to 280 cm−1, which cannot be accounted for by CT alone. We
show for the first time that vdW forces, which help to stabilize
the chains inside the tube, modify the chain’s bond-length al-
ternation (BLA). Due to this quantum effect, the polarizability
of the environment directly affects the vibrational and optical
properties of the chain in the combined system.
Polyynes in vacuo. To date there are no experimental IR or
Raman spectra available for carbon chains in vacuo. There-
fore, only calculated spectra can currently serve as a reference
point to quantify the environment effect in measured spectra.
The accurate ab initio prediction of the BLA and Γ-mode fre-
quency of polyynes is challenging and previous calculations
are indeed inconsistent, ranging from cumulene to strongly
alternated carbyne. The disagreement of ab initio methods for
long chains is well understood and can be attributed to the de-
ficiencies of (semi-)local density functionals or to the incom-
plete description of local (dynamic) and long-range (static)
correlation and has been studied extensively for polyenes [24–
26].
Arguably the most precise methods that avoid these de-
ficiencies and are computationally feasible are the coupled-
cluster CCSD(T) and the diffusion Monte Carlo (DMC) meth-
ods. The quality of the latter depends on the careful choice of
FIG. 2: Γ-mode frequency of CNH2 in different environments as a
function of inverse chain length. The green area shows the effect
of vdW interactions varying with the inner tube diameter dI of a
DWCNT within the range appropriate to host chains (0.65-0.75 nm).
The solid/dashed green line represents the vdW interaction for larger
dI and is the closest match to the experimental data of short chains.
The upper limit is the interaction with graphene (dI=∞, grey line).
The red area shows the effect of a variable CT ranging from 0.010
to 0.022 e per chain atom (infinite chain) and decreasing with de-
creasing chain length. The inset shows the amount of charge transfer
(e per chain atom) required to reproduce the near-field Raman data,
assuming the vdW shift associated with a constant dI . Experimental
data from refs [4, 11–13]; DMC data from Mostaani et al. [28].
various parameters. To obtain the most unbiased results, we
performed CCSD(T) calculations to obtain reference geome-
tries and vibrational frequencies for CNH2 with N ranging
from 8 to 36. Our geometries are consistent with those of pre-
vious CCSD(T) calculations [27] and our extrapolated BLA
for the infinite chain is 0.125 Å, slightly less than obtained
from DMC [28] (see Fig. S1 in the Supplemental Material
[23]), and follows the same trend as polyenes [29]. Longer
chains are computationally unfeasible at the same level of
theory and therefore we searched for the quantum chemical
method that best reproduces the CCSD(T) data without scal-
ing the force constants. Spin-component-scaled (SCS) vari-
ants of MP2 [30] perform significantly better than any of the
tested density functionals (see Table S1 in the Supplemental
Material [23]). The calculated SCS-MP2 frequencies are very
accurate for short chains, but the slope is too large (Fig. S2).
In order to extrapolate the CCSD(T) data to infinite chains,
we scaled the SCS-MP2 data to fit the CCSD(T) points (blue
line in Fig. 2). This yielded a Γ-point frequency for carbyne
in vacuo of 2,075 cm−1, very close to the DMC result by
Mostaani et al. [28] (red diamond in Fig. 2).
In Fig. 2 we compare the Γ-mode frequencies of chains in
vacuo, as obtained from CCSD(T) theory, with experimental
data from chains in CNTs. For the shortest chain, the Γ-mode
3frequency measured in a SWCNT is 118 cm−1 lower than the
gas-phase reference calculation and the chain-length disper-
sion is different. The frequency shift continuously increases
to 187 cm−1 forN=16 and reaches remarkable 270-290 cm−1
for LLCCs@DWCNTs.
Chain length–tube chirality correlations. Assuming the
growth conditions of LLCCs@DWCNTs allow the system to
reach a thermal equilibrium distribution of chain lengths, it
is clear that the average chain length must be different for
each tube chirality as the tube–chain interaction energy de-
pends on the physical inner tube diameter dI [4]. This is
corroborated by the sub-peak structure of the LLCC Raman
band [4, 16, 31]. Moreover, the pressure-dependency of the
sub-peaks [32] shows a direct dependence of the Raman shift
on dI , in addition to the shift from the nanotube’s electronic
properties. Hence, the measured Raman frequencies cannot
be described by one continuous ν(N) curve but rather a set of
curves, each representing a specific tube diameter and chiral-
ity. This is illustrated in Fig. 2, where we use a simple empiri-
cal formula to model theN -dependent environment shifts due
to vdW interactions and CT, based on experimental data and
our calculations, as will be discussed below.
The effect of vdW interactions. The contribution of the dis-
persive or vdW force to the tube–chain interaction energy can
be calculated with simple atom-pair additive potentials. Cal-
culating the direct effect of vdW interactions on the geometric
and vibrational properties, in contrast, is computationally dif-
ficult due to its many-body nature and therefore generally ne-
glected. Additionally, experiments cannot easily distinguish
it from competing physical effects such as CT and static po-
larization. Tentatively, vdW interactions have been associated
with redshifts of the resonance energy of short chains inside
SWCNTs [13, 19]. The observed trend, increasing redshift
with CNT diameter, is surprising considering that the calcu-
lated interaction energy as a function of tube radius is largest
in magnitude close to the vdW distance (3.3 Å) and decreases
for larger diameters [4]. Moreover, when the tube diameter is
reduced in high-pressure experiments, a redshift in the Raman
frequency of the chain is observed [32].
Theoretically, it is clear that the parameters relevant for the
vdW interaction, such as chain polarizability (α) and ioniza-
tion potential (IP), depend on the chain’s BLA (see Fig. 5);
however, it is difficult to develop an empirical model based
on such properties because the tube–chain separation is much
smaller than the molecular extension and it is unclear how ef-
fective atomic parameters can be defined that reflect the local-
ity of the vdW interaction. Ab initio calculations that quantify
the effect are challenging as the relevant electron correlation
must be treated explicitly, therefore limiting the size of poten-
tial model systems.
As a minimal model that mimics a semiconducting tube of
infinite diameter, we placed C8H2 on a hydrogen-terminated
graphene sheet (Fig. 3) and calculated the fully relaxed ge-
ometry and vibrational spectrum. Indeed, SCS-MP2 predicts
a reduced BLA and softening of the Γ-mode frequency by
55 cm−1 with respect to the isolated chain (Table S2 and
FIG. 3: Adsorption of a C8H2 chain on a graphene sheet. (a) Top
view, (b) side view of the relaxed (SCS-MP2) geometry. (c) LO-
branch vibrational frequencies.
TABLE I: C10H2 in vacuo and in different CNTs.a
dI BLA ν ∆ν Qchain
vacuum 0.1040 2133 0 0.000
C10H2@(12,0) 0.94 0.1038 2112 -21 -0.026
C10H2@(6,6) 0.81 0.1034 2110 -23 -0.044
C10H2@(10,0) 0.78 0.1035 2109 -24 -0.047
C10H2@(10,0)@(18,0) 0.78 0.1035 2108 -25 -0.056
aPBE calculations of large supercells [6-fold for (m,0) and 9-fold for (6,6)
tubes, see Supplemental Material [23] for details]. Columns 2–6 show the
(inner) tube diameter dI (pm), BLA (Å), Γ-mode frequency (cm−1), shift
with respect to vacuum (cm−1), and net charge of the chain (e).
Fig. 3). Comparative DFT-D calculations (Table S2), which
reproduce the correct chain–sheet separation while neglect-
ing the vdW correlation, show that other effects, in particular
CT, are small and do not significantly shift the vibrational fre-
quency. Therefore, the length-dependent frequency shift due
to the vdW interaction can be obtained as the difference be-
tween the total environment shift and the shift due to CT (vide
supra). LLCCs are expected to exist in similar narrow inner
tubes (dI=0.65–0.75 nm), which provide a maximal vdW in-
teraction. The resulting frequency span is shown in Fig. 2 as
green area.
The role of charge transfer. Previous theoretical studies
predicted a CT between carbyne and host tubes that reduces
the BLA [33, 34]. To test whether CT is also relevant for short
chains and can explain the observed red shift as compared to
colloidal chains, we performed DFT calculations of C10H2
in different SWCNTs (Table I). We find only a small redshift
(21–25 cm−1) for the Γ-mode in different tubes, consistent
with a very small calculated CT from the tube to the chain.
The small redshift is not surprising as we find no indica-
tion of hybridization between the chain and tube levels and
the chain LUMO remains empty. Further, the effect of CT
on the frequency may be overestimated by the PBE functional
due to the above mentioned error in the phonon dispersion
and slope of ν(N). This means that the redshift between our
CCSD(T) calculations (2,201 cm−1 in vacuo) and experimen-
tal data (2,061 cm−1 in SWCNT [12]) for C10H2 can not be
accounted for by CT alone.
For long chains in double- or multi-wall CNTs the chain
LUMO approaches the typical work function (WF) of these
4FIG. 4: Band structures of a (10,0)@(18,0) DWCNT empty (left)
and encapsulating an infinite polyyne chain (right).
CNTs (Fig. S3), suggesting that the CT can be larger. We
performed a DFT (PBE functional) supercell calculation of
the infinite polyyne chain (HSE vacuum geometry) inside a
(10,0)@(18,0) DWCNT. Fig. 4 compares the band structures
of the pristine and filled DWCNT. The chain LUMO band
overlaps with the valence band of the metallic outer tube,
which leads to a CT to the chain of 0.022 e per chain-atom.
This CT is about one order of magnitude larger than that ob-
tained for short chains and is comparable to the calculated
inter-wall CT of DWCNTs [35].
The applied GGA functional, however, does not properly
describe the BLA and phonon dispersion of the infinite chain.
We therefore did not calculate these properties inside the
DWCNT, but used the obtained CT as a parameter to estimate
the effect on geometry and phonons in a smaller model system
using more accurate methods. Fig. 5 shows the Raman fre-
quencies of carbyne in vacuo and inside a (10,0) SWCNT as a
functional of electron doping, which were calculated with the
HSE hybrid functional and relaxed chain geometry. Inside the
SWCNT, the excess charge localizes on the chain. Therefore,
both calculations show nearly the same BLA and Γ-mode fre-
quency for a given amount of charge. In agreement with ear-
lier LDA calculations [33], the relation is clearly linear and
the frequency redshifts by 176 cm−1 for a CT of 0.022 e per
chain atom.
As the HSE functional approximates PBE0, which overesti-
mates the phonon dispersion (vide supra), we also performed
SCS-MP2 calculations of the charged infinite chain (circular
boundary conditions, see Supplemental Material [23]). We
obtained a frequency shift of 134 cm−1 for a CT of 0.022 e
per chain atom. For both the hybrid DFT and the SCS-MP2
result, the frequency shift due to CT is clearly smaller than
the total environment shift of 280 cm−1. A major contribu-
tion must therefore be arise from vdW interactions.
Even for a constant inner tube diameter and its associated
vdW shift, the CT can vary with the electronic structure of
the outer tube. The red area in Fig. 2 illustrates the frequency
span resulting from a CT of 0.010-0.022 e per chain atom.
The inset shows the amount of CT required to reproduce the
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FIG. 5: Left: HSE calculation of the Γ-mode frequency of the infinite
chain as a function of excess charge per chain atom. Right: Polariz-
ability per C-atom, its derivative with respect to the displacement R
along the Γ-mode, and IP. Properties are normalized with respect to
C8H2 (α0, N0, and IP0).
experimental frequencies assuming a constant vdW interac-
tion. Considering that the vdW interaction will increase with
decreasing inner tube diameter, this range of CT can be seen
as an upper limit. Raman data from short chains in CNTs
is associated with larger tube diameters (dI>0.9 nm) and the
gap between the tube’s WF and the chain’s LUMO is large.
Hence, the frequency shifts in this range depend primarily on
the chain length and the experimental data can be fitted by a
single line in Fig. 2.
In summary, our results show that long encapsulated chains
interact with the nanotube in a way that qualitatively changes
the Raman response and its dependence on the inverse chain
length. The saturating behavior known from the phonon dis-
persion of polymers close to the Γ-point does not apply to
these systems, which is a consequence of a variable charge
transfer and an unexpectedly strong effect of the van der Waals
interaction. We have for the first time disentangled these two
effects, which strongly depend on the chain length and to-
gether shift the chain’s Raman band by 118-290 cm−1. The
huge van der Waals shift, required to reproduce the Raman
data of both short and long carbon chains, is also interest-
ing from a theoretical point because currently no approaches
exists that can describe it correctly for any realistic system.
For ultra-long chains, i.e., confined carbyne, we predict an
increased CT from the tube to the chain, which depends on
the CNT’s electronic properties. For the longest measured
chains we estimate an upper limit of the CT of 0.02 e per
chain atom, which varies by 15% depending on the tube chi-
rality and accounts for about 40% of the shift. For short chains
measured in wider CNTs the CT is smaller and causes shifts
of 6-25 cm−1. Considering that both CT and vdW interactions
depend on the tube chirality and that the equilibrium distribu-
tion of chain lengths is correlated with these tube properties,
the limits of previous simple scaling schemes become obvi-
ous. On the other hand, our results show the pathway how to
correctly assign the chain length from Raman spectroscopy.
If additional information about the inner tube diameter and
the electronic properties of the nanotube are considered, the
chain’s Raman band can be used as an analytic tool to opti-
5mize the growth of confined carbyne, which we see as an es-
sential step towards accessing their theoretically outstanding
application potential.
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COMPUTATIONAL DETAILS
Hybrid DFT (PBE0 functional [S1]) and SCS-MP2 calculations were performed with the turbomole [S2] software (versions
6.1, 6.6, and 7.0). Finite CNH2 chains with N up to 102 were fully optimized at the SCS-MP2 level with turbomole, using a
cc-pVDZ basis set. For N up to 40, the frequency of the resonant Raman active mode was calculated numerically. For N>40,
we used the PBE0 eigenmodes to displace the SCS-MP2 geometry and generate a harmonic fit of the potential energy surface
of SCS-MP2. This approach introduces an error of less than 1 cm−1 (for N>20) in the resulting frequency. The SCS-MP2
frequency for the infinite chain was obtained by a series of calculations of carbon rings (circular boundary condition). The ring
size was increased up to 144 carbon atoms to achieve converged bond lengths and frequencies.
For the frequency calculations of the finite C10H2 chain in vacuo and inside SWCNT and DWCNT, we used the PBE and HSE
functionals as implemented in the VASP 5.3.5 code [S3]. For the HSE functional, a range-separation parameter HFSCREEN=0.2
was used. Like in the SCS-MP2 calculations, we employed the eigenmodes of gas-phase PBE0 calculations to obtain the force
constants from the gradient of the displaced minimum-energy geometry. The following supercells and k-point samplings were
used: 6-fold supercell of (10,0), (12,0), and (10,0)@(18,0) with 1 k-point and 9-fold supercell of (6,6) with 1 k-point.
For the PBE band-structure calculations of the infinite chain inside a (10,0)@(18,0) DWCNT, we used a 3-fold supercell of
the DWCNT, which hosts 10 chain atoms. We used the equilibrium bond lengths of the chain in vacuo as obtained with the HSE
functional. We did not optimize the chain inside the tube, because the GGA functional does not properly describe the BLA and
favours a cumulenic structure inside CNTs [S4]. The box size was adjusted to the chain geometry. 31 irreducible k-points were
used.
For the C8H2@graphene calculations, a saturated graphene sheet of 78 atoms was used (Fig. 5 in the main article). The
geometry was fully relaxed with turbomole using SCS-MP2 (cc-pVDZ basis set), or DFT [SV(P) basis set]. The eigenmodes
from gas-phase PBE0 calculations were employed to obtain the force constant of the Γ-mode. For C8H2 in vacuo, the resulting
errors were smaller than 1 cm−1 when compared with the frequency from the full analytical Hessian.
CCSD(T)/cc-pVDZ geometry optimizations were performed with turbomole version 7.0.2 using symmetry-adapted numerical
gradients. CCSD(T) frequencies were obtained using the displacements of the SCS-MP2 eigenmodes or (for N=20) those of the
PBE0 Hessian (see above).
Benchmark calculations (Table S1) for the geometry of C12H2 were performed with ORCA using the cc-pVDZ basis set,
except for the functionals LC-PBE, M11, ωB97XD, BMK, HISS, tHCTh, and CAM-B3LYP, which were performed with Gaus-
sian [S5].
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FIG. S1: Bond-length alternation (BLA) as a function of inverse chain length (N is the number of C-atoms). Full symbols show the BLA at the
chain center. Empty symbols show the average BLA over the chain (continuous line: linear fit). Horizontal lines mark the BLA of the infinite
chain, which is extrapolated from the linear fit in case of CCSD(T). The validity of the linear extrapolation is confirmed by the SCS-MP2 and
PBE0 BLA of the converged series (H-termination and circular boundary conditions yield the same value).
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FIG. S2: Γ-mode frequency of CNH2 as a function of inverse chain length. Comparison of different MP2 variants.
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TABLE S1: C12H2 RMSD of the energy gradient (atomic units) of the CCSD(T) geometry.
Method RMSD
CCSD(T) 0.0000
ES-MP2a 0.0028
ES-MP2b 0.0033
SCS-MP2 0.0042
SCS(MI)-MP2 0.0045
B2GP-PLYP 0.0052
mPW2PLYP 0.0053
B3LYP 0.0065
M06 0.0067
PBE0 0.0068
B2PLYP 0.0071
PW6B95 0.0076
BMK 0.0076
TPSS0 0.0078
HISS 0.0119
MP2 0.0136
ωB97XD 0.0143
M062X 0.0146
tHCTh 0.0146
CAM-B3LYP 0.0150
PBE 0.0173
BH&HLYP 0.0188
M11 0.0192
LC-PBE 0.0249
HF 0.0431
aMP2 with equally-scaled spin components (ES-MP2), optimized scaling parameter of 0.763.
bES-MP2 with scaling parameter of 0.73.
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FIG. S3: Comparison of electronic levels, EA, and IP of CNH2 in vacuo and inside SWCNT (HSE calculation) and the work function of a
(10,0) SWCNT (HSE calculation).
TABLE S2: Γ-mode frequency (cm−1) and BLA (Å) of C8H2 in vacuo and adsorbed on a graphene sheet.
method νvacuo νsheet ∆ν BLAvacuo BLAsheet ∆BLA Da Qchain
SCS-MP2 2209.9 2154.8 -55.1 0.1392 0.1298 -0.0094 3.19 -0.010
PBE-D2 2182.3 2175.9 -6.4 0.1101 0.1094 -0.0007 3.19 -0.020
PBE-D3 2183.8 2180.1 -3.7 0.1099 0.1095 -0.0004 3.37 -0.012
aAverage separation (Å) of the chain molecules from the surface.
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